UNIVERSITE DU QUEBEC A MONTREAL

SOIL-VEGETATION-ATMOSPHERE INTERACTION IN THE BOREAL
FOREST ECOSYSTEM IN EASTERN CANADA

THESIS
PRESENTED
AS A PARTIAL REQUIREMENT OF

DOCTORATE IN SCIENCES DE L’ENVIRONNEMENT

BY

SHALINI OOGATHOO

FEBRUARY 2021



UNIVERSITE DU QUEBEC A MONTREAL

INTERACTION SOL-VEGETATION-ATMOSPHERE DANS L’ECOSYSTEME
DE LA FORET BOREALE DE L’EST DU CANADA

THESE
PRESENTEE
COMME EXIGENCE PARTIELLE

DOCTORAT EN SCIENCES DE L’ENVIRONNEMENT

PAR

SHALINI OOGATHOO

FEVRIER 2021



UNIVERSITE DU QUEBEC A MONTREAL
Service des bibliothéques

Avertissement

La diffusion de cette thése se fait dans le respect des droits de son auteur, qui a signé le
formulaire Autorisation de reproduire et de diffuser un travail de recherche de cycles
supérieurs (SDU-522 — Rév.10-2015). Cette autorisation stipule que «conformément a
l'article 11 du Reéglement no 8 des études de cycles supérieurs, ['auteur] concéde a
I'Université du Québec a Montréal une licence non exclusive d'utilisation et de
publication de la totalité ou d’'une partie importante de [son] travail de recherche pour
des fins pédagogiques et non commerciales. Plus précisément, ['auteur] autorise
I'Université du Québec a Montréal a reproduire, diffuser, préter, distribuer ou vendre des
copies de [son] travail de recherche a des fins non commerciales sur quelque support
que ce soit, y compris I'Internet. Cette licence et cette autorisation n’entrainent pas une
renonciation de [la] part [de 'auteur] a [ses] droits moraux ni a [ses] droits de propriété
intellectuelle. Sauf entente contraire, [I'auteur] conserve la liberté de diffuser et de
commercialiser ou non ce travail dont [il] posséde un exemplaire.»



REMERCIEMENTS

Je tiens a débuter ma thése en remerciant les personnes qui m’ont soutenu pendant toute
la durée de mon doctorat. Je souhaite d’abord remercier grandement mon directeur
Daniel Houle, qui m’a donné 1’opportunité de faire ce doctorat, pour sa supervision
continue, et aussi pour son expertise, sa présence et disponibilité et de répondre a toutes
mes questions et doutes pendant toute la durée de mon doctorat. J’aimerai aussi
remercier grandement mon co-directeur, Daniel Kneeshaw, pour son expertise, ses
conseils et ses questions qui me poussent a réfléchir au dela. J’aimerai aussi ajouter la
gentillesse, la générosité et I’encouragement continu de mes deux directeurs m’ont aidé

beaucoup a terminer ce doctorat.

Un grand remerciement a Louis Duchesne, qui m’a fourni toutes les données et
informations pertinentes utilisées dans mon projet de doctorat, et aussi pour ses conseils
sur les analyses statistiques et le logiciel R, et pour les révisions de mes trois chapitres.
J’aimerai aussi remercier Richard Harvey pour ces conseils sur ’utilisation de CLASS
et & Travis Logan pour son aide sur I’extraction des données au début de mon doctorat.
Un remerciement au personnel d” Ouranos (Mourad et Romy) pour leur aide technique
et a Marco Alves pour ses conseils sur CLASS et le logiciel R au début de mon doctorat.
Un remerciement également a Christine Guillerme pour son aide au niveau
administratif 8 UQAM. J’aimerai aussi remercier mon amie Stéphanie Gladu et tous
les amis dans le labo de Daniel Kneeshaw qui m’ont soutenu pendant mes dernieres
annees de doctorat. Finalement, un grand remerciement a ma fille Mishti pour sa

patience pendant toute la durée de mon doctorat.



AVANT-PROPOS

La présente recherche fait partie d’une plus grande question de recherche sur la
sécheresse dans la forét boréale, congu par Dr Daniel Houle (Professeur associé a
UQAM) et Dr Daniel Kneeshaw (Professeur a UQAM) et financé par le MFFP,
Ouranos et MITACS. De fait, la problématique est de mieux comprendre le lien entre
le contenu en eau et la transpiration durant la saison de croissance et des épisodes de
sécheresse dans des peuplements forestiers boréaux situés dans la province du Québec,

au Canada.

Cette these de doctorat est formée de cing chapitres rédigés en anglais (trois sous forme
d'articles scientifiques) sur I’interaction du sol-végétation-atmosphére dans la forét
boréale. Ces trois articles sont mes contributions originales pour ma thése de doctorat

en sciences de I’environnement a Université du Québec a Montréal.

Chapitre I et V sont I’introduction générale et la conclusion générale de ma thése,

respectivement. Les chapitres 11, 111 et IV sont les trois articles suivants.

Le premier article est intitulé: « PERFORMANCE EVALUATION AND
SENSITIVITY ANALYSES USING THE CANADIAN LAND SURFACE SCHEME
(CLASS) FOR THE SIMULATION OF SOIL TEMPERATURE AND SOIL WATER
IN THE BOREAL FOREST OF EASTERN CANADA ». Les coauteurs sont Daniel
Houle, Louis Duchesne, et Daniel Kneeshaw. Cet article sera soumis sous peu a la

revue Journal of Hydrology.



\Y

Le deuxiéme article est intitulé : « VAPOUR PRESSURE DEFICIT AND SOLAR
RADIATION ARE THE MAJOR DRIVERS OF TRANSPIRATION OF BALSAM
FIR AND BLACK SPRUCE TREE SPECIES IN HUMID BOREAL REGIONS,
EVEN DURING A SHORT-TERM DROUGHT ». Les coauteurs sont Daniel Houle,
Louis Duchesne et Daniel Kneeshaw. Cet article est publié dans la revue Agricultural

and Forest Meteorology.

Le troisiéme article est intitulé : « TREE TRANSPIRATION WELL SIMULATED
BY THE CANADIAN LAND SURFACE SCHEME (CLASS) BUT NOT DURING
DROUGHT ». Les coauteurs sont Daniel Houle, Louis Duchesne, et Daniel Kneeshaw.

Cet article est soumis a la revue Journal of Hydrology.

Daniel Houle, Daniel Kneeshaw et moi-méme avons congu les projets de méme que
leurs approches méthodologiques. Louis Duchesne a collaboré a la collection de toutes
les données de mesure et des informations pertinentes sur les deux sites d’étude. J’ai
fait toutes les simulations avec le modele CLASS et toutes les analyses statistiques. J’ai
aussi rédige les trois articles, I’introduction générale et la conclusion générale. Pendant
toute la durée de mon doctorat, Louis Duchesne a fourni des informations pour combler
des manquements pour simuler le mode¢le et les analyses statistiques. Il m’avait aussi
conseillé sur I’utilisation de certaines applications d’analyse sur le logiciel R. Richard
Harvey m’a aussi conseillé plusieurs fois sur le modele CLASS, sur le fonctionnement
et la limitation du modele. De plus, mes directeurs, Daniel Houle et Daniel Kneeshaw,
ont commenté et suggéré plusieurs fois sur le contenu de ma these pour 1’améliorer. 1ls

ont aussi corrigé les trois articles et la these en générale.
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RESUME

L’augmentation de la température de 1’air et de 1’occurrence des épisodes de
sécheresses dans les derniéres décennies a travers le monde ont stimulé la recherche
sur les processus de surface, leurs interactions avec 1’atmosphere, et aussi leurs effets
sur les projections climatiques dans le futur. La transpiration est un processus important
et la seule composante du cycle hydrologique qui relie les compartiments sols,
végétation et atmosphere, les plantes relachant dans I’atmosphere ’eau extrait du sol.
La fiabilité des projections futures de la précipitation et de la température de 1’air par
les modeles climatiques dépendent de la précision et de I’exactitude de la modélisation
de la transpiration par les schémas de surface intégrés a 1’intérieur de ces modeles
climatiques. Outre les variables climatiques (déficit de pression de vapeur, radiation
solaire, température de I’air et vitesse du vent), les variables de la surface terrestre (e.g.
contenue en eau et température du sol) ont aussi un effet important sur la transpiration.
Tandis que le contenu en eau a un effet direct, la température du sol a un effet indirect
a travers son influence sur le contenu en eau liquide du sol, et ceci particulierement
pour la forét boréale. L objectif général de ce projet est d’améliorer la compréhension
du processus transpiration et des variables sous-jacentes dans un systéme naturel et a
I’intérieur du schéma de surface Canadien (CLASS). L’¢tude a porté sur deux foréts
boréales de I’est du Canada dominée par le sapin baumier et I’épinette noire.
Premiérement, les simulations des variables sous-jacentes produites par CLASS, tel
que le contenu en eau et la température du sol, ont été étudiées et validé par des mesures
in situ a long terme. De plus, des analyses de sensibilité ont été aussi faites pour
déterminer la sensibilitt du modele a des parametres reliés au contenu en eau.
Deuxiemement, le controle environnemental de la transpiration a été évalué pendant
plusieurs saison de croissance ainsi que pendant un épisode de sécheresse dans un
milieu naturel, en utilisant le flux de séve mesuré pendant plusieurs saisons de
croissance. Troisiemement, le processus de la transpiration a été étudié dans le schéma
de surface Canadien et validé avec ces mesures de flux de seve a long terme.

Les résultats montrent que CLASS simule trés bien la température du sol et plus ou
moins bien le contenu en eau, la qualité des simulations variant selon le site, la saison
et I’horizon du sol. Le contenu en eau est grandement sous-estimé pendant 1’hiver dans
les deux sites malgré que CLASS simule bien les variations saisonniéres. Les analyses
de sensibilités montrent que 1’épaisseur de la couche organique, le pourcentage de sable
et d’argile, le drainage et le point de congélation ont eu des effets importants sur le
contenu eau. Ceci démontre que ces parameétres sont importants dans le modele, et



XiX

illustre I’importance de leur fidéle représentation dans le modéle pour obtenir des
simulations fiables des variables d’étude et des processus qui controlent ces variables.
L’évaluation du contrdle environnemental de la transpiration dans le systeme naturel
montre que le déficit de pression de vapeur et la radiation solaire sont fortement
corrélés aux variations quotidiennes de la transpiration pendant toutes les saisons de
croissances étudiées et également pendant 1’épisode de sécheresse Juillet 2012 comparé
aux autres variables environnementales (température de I’air maximale, précipitation,
contenu en ecau, température de 1’air minimale et vitesse du vent). CLASS simule
adéquatement la transpiration pendant toute la période de croissance pour toutes les
années d’études, sauf pendant la période de réhydratation (avant le début de croissance),
le coup de chaleur et la sécheresse. Pendant la période de réhydratation, CLASS sous-
estimait la transpiration, di a la surestimation de duréee de la présence de neige sur le
sol dans le modéle. Durant le coup de chaleur et la sécheresse, CLASS surestimait la
transpiration, malgré 1’augmentation de la température de I’air et la baisse de contenu
en eau dans le modele, respectivement. Ceci montre que le modéle est insensible a la
baisse du contenu en eau du sol, et également incapable de reproduire le comportement
éco-physiologique des arbres lors d’épisodes climatiques extrémes. La surestimation
de la transpiration dans CLASS, malgré le stress hydrique, ménera a une surestimation
de la précipitation par le modéle climatique. Ainsi, dans 1’avenir, le mod¢le régional
climatique Canadien (MRCC) aura tendance a sous-estimer le nombre de sécheresses
intenses. Cette étude montre que CLASS a des failles importantes au niveau de la
représentation du contenu en eau et aussi de la transpiration dans des circonstances
particulieres. La transpiration et le contenu en eau dans le modéle doivent étre
améliorés pour augmenter la qualité des projections climatiques, car ils ont des
rétroactions directes sur I’atmosphére. Dans cette étude, plusieurs recommandations
ont éte faites a cet égard.

Mots-clés : contenu en eau, température du sol, transpiration, flux de séve, CLASS,
sapin baumier, épinette noire, sécheresse, forét boréale.



ABSTRACT

Rising air temperature and the increasing occurrence of drought in the past few decades
across the globe have led to an increasing interest in investigating land surface
processes, their interactions with the atmosphere, and their impacts on future climate
projections. Transpiration is an important land surface process and the only component
in the hydrological cycle that links soil-vegetation-atmosphere, via the transport of
water from the soil, through the plant, to the atmosphere. Accurate projection of future
precipitation and air temperature by climate models depends on the accurate simulation
of transpiration by land surface schemes integrated within climate models. In addition
to climatic variables (vapour pressure deficit, solar radiation, air temperature, and wind
speed), land surface variables (soil water and soil temperature) also have an important
impact on transpiration. Soil water has a direct impact while soil temperature has an
indirect impact on transpiration through its impact on liquid soil water, particularly in
the boreal region. The general objective of this PhD research project is to improve the
understanding of the transpiration process and the driving factors in a natural system
and in a model: the Canadian Land Surface Scheme (CLASS). This study focused on
two boreal forests in eastern Canada, the first dominated by balsam fir and the second
by black spruce. First, the simulation of the underlying variables of transpiration, such
as soil water content and soil temperature, were studied and validated using long-term
in-situ measurements. In addition, sensitivity analyses were also performed to
determine the model’s sensitivity to parameters related to soil water content. Secondly,
the environmental control on transpiration was evaluated in a natural system over
multiple growing seasons as well as during a drought period, using long-term sap flow
measurements. Third, the transpiration process was validated within CLASS, using
these same long-term sap flow measurements.

The results showed that CLASS simulated well soil temperature, while the
performance of soil water varied with site, season and soil horizon. Despite CLASS
greatly underestimating soil water during winter at both sites, the seasonal variation of
simulated soil water corresponded well with observations. The sensitivity analyses
showed that thickness of organic layer, percentage of sand and percentage of clay,
drainage parameter, and freezing point had substantial impacts on soil water. This
shows that these parameters are important in the model and their accurate
representation in CLASS is crucial in order to obtain reliable simulations of studied
variables and linked processes. The evaluation of environmental control on
transpiration in the natural system showed that vapour pressure deficit and solar
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radiation were the main drivers of transpiration on a daily basis, throughout all growing
seasons as well as during the July 2012 drought compared to other environmental
variables (maximum air temperature, precipitation, soil water content, minimum air
temperature and wind speed). Transpiration was adequately simulated by CLASS
during all growing seasons, except during the rehydration period (prior to the growing
season), and during heat stress and drought conditions. For the rehydration period,
CLASS underestimated transpiration due to overestimating the duration of snow cover
on the ground. For heat stress and drought conditions, CLASS overestimated
transpiration, despite the increase in air temperature and the decrease in soil water
content in the model. This shows the model’s insensitivity to the decrease in soil water
content as well as its inability to reproduce the eco-physiological behaviour of trees
during extreme climatic events. The overestimation of transpiration in CLASS, despite
water stress, will result in an overestimation of precipitation by the coupled climate
model. Hence, in the future, the Canadian Regional Climate Model (CRCM) will tend
to underestimate the frequency of intense drought events. This study showed that
CLASS is significantly limited by its representation of soil water content and
transpiration in specific conditions. Both transpiration and soil water need to be
improved in the model in order to increase the accuracy of climate projections, as they
have a direct feedback to the atmosphere. In this study, several recommendations were
made in this regard.

Keywords : soil water, soil temperature, transpiration, sap flow, CLASS, balsam fir,
black spruce, drought, boreal forest.



CHAPITRE I

GENERAL INTRODUCTION

1.1 Trees in boreal forest ecosystems

While more than 100 tree species are found across different ecozones in the Canadian
forest, boreal tree species are much less numerous and are located in the taiga plains,
boreal cordillera, boreal plains and boreal shield forest ecozones (Johnston, 2009;
Figure 1.1). The boreal forest ecozones are composed mostly of white and black spruce,
balsam fir and trempling aspen (Table 1.1).

For my PhD research project, black spruce and balsam fir were the tree species studied
as they are the two most important commercial species in the region. These are located
in the boreal shield forest ecozone, which comprises mostly closed-canopy conifer
stands. In general, the boreal ecozones have acidic soils caused by the accumulation of
lignin-rich needles in the soil (Tyrrell, 2020) and undergo frequent forest fires and
insect outbreaks such as spruce budworm. In addition, unlike other forest ecosystems
where there is only expansion of stem diameter annually (except during drought,
Sanchez-Costa et al., 2015), boreal trees have a unique annual stem diameter variation
based on their climate (cold and long winters and short summers). Trees growing in
boreal climate exhibit shrinkage in stem diameter during winter, followed by expansion
of stem diameter in the spring (returning to the stem diameter attained the previous

year) and further stem expansion during summer.
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Figure 1.1: Major forest ecozones across Canada (Johnston, 2009)

Table 1.1: Climate and main tree species in the boreal forest ecozones of Canada
(Johnston, 2009)

Forest Climate Tree species
ecozone

Taiga plains Short and  cool White and black spruce, balsam poplar
summers, long and
cold winters
Boreal White and black spruce, sub-alpine fir,
Cordillera lodgepole pine, trembling aspen, balsam
Short and warm poplar, white birch
Boreal shields  summers, long and White and black spruce, balsam fir,
cold winters tamarack, white birch, trembling aspen,
balsam poplar, eastern white cedar, red,
white and jack pine.
Boreal plains Moderately ~ warm Jack and lodgepole pine, white and black
summers and cold spruce, balsam fir, tamarack, trembling
winters aspen




1.1.1 Annual cycle of stem diameter variation

The annual cycle of stem diameter variation of trees in the boreal region can be
classified into three phases: 1) autumn/winter shrinkage/dehydration; 2) spring

rehydration; and 3) summer tree growth (wood formation) (Figure 1.2).
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Figure 1.2: Phenology of stem diameter variation of boreal trees over three years
with shrinkage, rehydration, and growth illustrated for one of those years

1.1.1.1 Autumn/winter dehydration

During autumn/winter, prior to the rehydration phase, trees normally exhibit stem
shrinkage when temperatures are below -5 °C due to the dehydration of living cells
(cambium, phloem and parenchyma; Figure 1.3) (Zweifel and Hasler, 2000). However,
during this period, there are also episodes of stem expansion probably associated with
freeze-thaw events. Stem expansion occurs when a potential water gradient is built up
once ice has formed in the xylem, thus drawing water from the outer portion of the
stem into the xylem (Zweifel and Hasler, 2000). The water drawn in can be stored in

the air-filled intercellular spaces of the xylem, as ice or in a liquid state.
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Figure 1.3: Cross-sectional views of wood composition. Reprinted from
“Comparison of phloem and xylem hydraulic architecture in Picea abies stems” by
T. Jyske and T. Holtta, 2015, New phytologist, 205(1), 102-115. CB is base of the
living crown

1.1.1.2 Spring rehydration

In the boreal forest, the rehydration phase consists of stem expansion after the cold, dry
winter season but there is no new cell production in the cambium (Ziaco et al, 2016).
Rehydration is the recharge of the depleted internal stem water stores. The beginning
of the rehydration period normally coincides with the beginning of the snowmelt period,
while the ending of rehydration period coincides with the initial phase of cambial
initiation/wood formation, where the latter in turn depends again on air temperature
and date of snowmelt (Turcotte et al., 2009). Since stem radius expansion in the boreal
forest might be a consequence of both rehydration and wood formation at the beginning
of the growing season, the process causing stem expansion during this transition period
may be masked (Mékinen et al., 2003).



1.1.1.3 Tree growth (wood formation period)

In boreal forests, the growing season when wood formation occurs (i.e. production of
new Xylem cells or xylogenesis) is limited to the period of the year when daily
minimum air temperature is above a threshold value (4 - 5 °C) (Rossi et al., 2008). The
duration of xylogenesis may range from 3 to 5 months depending on the region and the
elevation, whereby it starts after approximately one month of rehydration (Turcotte et
al, 2009) and ends around the beginning of September (Rossi et al., 2008). A wider
cambial zone and higher cell production throughout the growing season were found to
be associated with early snowmelt and high temperature (Vaganov et al., 1999). While
soil temperature is not the main driving variable for xylogenesis (as air temperature is
the main driving variable; Lupi et al., 2012), it was observed to have an indirect impact
on xylogenesis due to the interchange of water between the plant and the soil (Ziaco et
al., 2016). In the presence of frozen soil or low soil moisture content, trees may use
water stored in the stem (mainly from the sapwood) for photosynthesis (Waring et al.,
1979). The amount of xylem stored water varies with tree age and height (Phillips et
al., 2003), and basal sapwood area (Goldstein et al., 1998).

1.2 Soil temperature and soil water

Global warming in recent decades has resulted in an increase in air and soil temperature
(Qian et al., 2011) as well as increased aridity across the globe including western
Canada (Dai, 2011; Michaelian et al., 2011), leading to high tree mortality (Allen et al.,
2010). In the boreal forest region, despite the fact that soil temperature is not the main
factor limiting tree growth compared to air temperature (Lupi et al., 2012), it affects
the exchange of liquid water between the soil and the plant (Ziaco et al., 2016). In turn,

soil temperature is greatly influenced by air temperature, ground cover (snow or litter),
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soil water content, and freezing/melting processes. As for soil water, it is an important
variable controlling tree growth, whereby the latter is suppressed under water stress
condition. The plant’s available water in the soil depends on the intensity, duration and
frequency of rainfall, the water holding capacity of the soil and the evaporative demand.
The soil water holding capacity itself is a function of soil texture, organic matter and
the degree of soil compaction. In the boreal forest region, both soil temperature and
soil water are important variables that affect transpiration, which in turn has an

important feedback to the climate system.

1.3 Transpiration

Kramer (1983) defined transpiration as the ‘loss of water in the form of vapor from
plants’ (Ward and Trimble, 2004). Evapotranspiration is the combined process of
transpiration and evaporation that occurs on vegetation-covered land surfaces, whereby
evaporation is the loss of water from the soil surface and canopy. In forest ecosystems,
the contribution of transpiration is much greater than evaporation (Ward and Trimble,
2004). In a boreal forest, evaporation from the canopy and the forest floor were found
to be 20 % and 15 %, respectively, while tree transpiration was found to be 65 % of the

total forest evapotranspiration during the growing season (Grelle, et al. 1997).

Evapotranspiration is an important component of the hydrological cycle that links the
land surface with the atmosphere. As mentioned by Granier et al. (1996), a strong
coupling was found between the forest and the atmosphere, whereby the vertical
transfer of water flux to the atmosphere is strongly controlled by the vapour pressure
deficit and canopy conductance. However, the impact of environmental variables on
transpiration varies with climatic region, tree species (Ewers et al., 2005), and age of

trees (Delzon and Loustau, 2005; Ewers et al., 2005). For example, in tropical regions,
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the air is warmer and drier, resulting in much higher vapour pressure deficit than in the
boreal region. Similarly, the growing season with favourable air temperature is longer
(i.e. throughout the year) in the tropical region. These combined conditions (higher
vapour pressure deficit and optimum air temperature) lead to higher transpiration in
tropical forests than in boreal forests. The intrinsic properties of tree species
(iso/anisohydricity of trees) has a great influence on the impact of environmental
variables on transpiration, such that isohydric trees stop transpiring much earlier during
a drought, while anisohydric trees continue to transpire despite decreasing soil water
content (Tardieu and Simmoneau, 1998). In the study of Ewers et al. (2005), younger
black spruce trees had greater stomatal control of transpiration compared to older ones
(> 70 years) in the Canadian boreal forest. On the other hand, transpiration decreased
with age in a maritime pine forest due to decreasing stomatal conductance and leaf area
index (Delzon and Loustau, 2005).

1.3.1 Environmental control on transpiration

As mentioned earlier, transpiration is controlled by many environmental variables,
such as solar radiation, vapour pressure deficit, air temperature, soil water and wind
speed. Many studies have been conducted on transpiration to determine the key
variables affecting this process. As mentioned in the preceding section, vapour pressure
deficit is the physical variable that drives most transpiration followed by solar radiation
(Tsuruta et al., 2016; Wang et al., 2017). This being said, contrasting results have been
found for the influence of air temperature. Tsuruta et al. (2016) found air temperature
to be an important variable in the temperate Japanese cypress forest while Wang et al.
(2017) suggested it was less important than other variables in boreal Scots pine forests
of Scotland for transpiration. Besides climatic variables, soil water was identified as an
important land surface variable for transpiration, but only when rainfall was scarce
(Gartner et al., 2009; Wang et al., 2017), implying the presence of a threshold beyond

which soil water begins to drive transpiration. According to Lagergren and Lindroth
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(2002), a reduction in transpiration begins only after plant available water in the soil
drops below 20 %.

1.3.2 Plant physiological control on transpiration

Though water stress conditions affect plant physiology, which in extreme drought
conditions can lead to mortality, its impact depends on the characteristics of the plant
species. Plants have varying stomatal responses to drought, with isohydric plants being
more preventive of drought effects and anisohydric plants being more tolerant (Tardieu
and Simmoneau, 1998). When isohydric plants reach a severe minimum water potential,
they close their stomata to reduce water loss via transpiration and thus protect the xylem
from cavitation. However, with the cessation of photosynthesis but the continuation of
respiration, there will be depletion of the carbon stores, which in a long drought can
lead to death. On the other hand, anisohydric plants keep their stomata open even under
water stress conditions, thus maintaining photosynthesis and respiration (Tardieu and
Simmoneau, 1998). However, by keeping stomata open, anisohydric plants are more
exposed to cavitation that can lead to death of the plant (McDowell et al., 2008). Tree
species were found to occur in “a continuum from isohydric to anishohydric behaviors”
based on the response of stomata to their leaf water potential (Klein, 2014). Both our
study tree species were found to be anisohydric in this humid boreal forest of eastern
Canada, with the degree of anisohydricity being greater in black spruce than in balsam
fir (unpublished data). A logarithmic model was fitted to the relationship of
standardized total conductance versus vapour pressure deficit in order to determine the
degree of anisohydricity (smaller slope of the fitted logarithmic model implies higher

degree of anisohydricity).

1.3.3 Measurement of transpiration via sap flow techniques

While eddy covariance techniques are widely used to measure transpiration at the stand

level, transpiration can also be measured using sap flow techniques at the tree level.
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There are numerous sap flow techniques that exist, which can be classified into
continuous or heat-pulse (Vandegehuchte and Steppe, 2013). Among the continuous
sap flow techniques, there are thermal dissipation and heat field deformation
techniques, whereby continuous heat is applied to the heater probe. For the heat-pulse
technique, there are compensation heat pulse, Tmax, heat ratio, calibrated average
gradient, Sapflow+ methods, whereby heat pulse is applied to the heater probe. Among
all the sap flow techniques (Figure 1.4), only the heat field deformation
(Vandegehuchte and Steppe, 2013) and the recent heat pulse sapflow sensors (East 30
sensors, 2021) measure the radial sapflux density profile. Though each technique has
its own advantages and flaws, all of them cause wounds to the tree (Vandegehuchte
and Steppe, 2013). Moreover, Steppe et al. (2010) found thermal dissipation, heat field
deformation and heat pulse to greatly underestimate sap flux density and recommended
carrying out species-specific calibration when using these techniques. Unlike other
techniques, thermal dissipation requires a zero flow condition to determine the
maximum temperature difference. The zero flow condition is when there is no sap flow
in the stem, which occurs during the night for most tree species, except for those having
nocturnal transpiration (Kavanagh et al., 2007; Konarska et al., 2016). Our studied
species did not exhibit any nocturnal transpiration based on our sap flow data, thus met
the zero flow condition. While thermal dissipation measures from low to high sap flows,
heat field deformation and Sapflow+ measures reverse, low to high sap flows
(Vandegehuchte and Steppe, 2013). The reverse sap flow is the downward movement
of sap that occurs mostly at night, for the purpose of hydraulic redistribution in stems
(Burgess and Bleby, 2006). Similarly, low flows mostly occur at night (Forster, 2014),
thus they are more relevant for species exhibiting nocturnal transpiration. In this study,
the thermal dissipation technique is used for the measurement of sap flow. Moreover,
in terms of performance, the thermal dissipation technique is comparable to heat field

deformation and heat pulse techniques (Steppe et al., 2010).
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Figure 1.4: Three main sap flow techniques: thermal dissipation (TD); heat field
deformation (HFD); and heat pulse velocity (HPV). Xd and Xu are the downstream
and upstream distance of the needle from the heater. Zax and Ztg are the axial and
tangential distance of needle from the heater. Reprinted from “A comparison of sap
flux density using thermal dissipation, heat pulse velocity and heat field
deformation methods” by K. Steppe, D.J. De Pauw, T.M. Doody and R.O. Teskey,
2010, Agricultural and Forest Meteorology, 150(7-8), pp.1046-1056.

Many studies have been carried out using sap flow techniques to determine tree
transpiration or canopy conductance (Saugier et al., 1997; Kostner et al., 1998; Granier
et al., 2000; Daley and Phillips, 2006; Macfarlane et al., 2010; Jung et al., 2011) or to
evaluate the impact of environmental variables on sap flow (Hogg and Hurdle, 1997,
Waullschleger et al., 2000; Lagergren and Lindroth, 2002; Bovard et al., 2005; Wang et
al., 2005; Chen et al., 2011; Jonard et al., 2011; van Herk et al., 2011; Patankar et al.,
2015; Juice et al., 2016; Wang et al., 2017; Collins et al., 2018). However, most studies

on the environmental controls over sap flow have been carried out in the temperate
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region. Although a few studies have been conducted in the boreal forest, the study sites
were either in dry boreal forests focusing on vapour pressure deficit and air/soil
temperature only (Hogg and Hurdle, 1997; van Herk et al., 2011) or in boreal peatlands
exhibiting rapid permafrost thaw (Patankar et al., 2015). Those studies conducted in
humid boreal regions were on other tree species (Lagergren and Lindroth, 2002; Wang
et al., 2017). No studies on the relationship between sap flow and environmental
variables have been carried out on dominant boreal species black spruce or balsam fir

in cold-humid boreal forests such as those found in eastern Canada.

1.4 Representation of land surface processes in land surface schemes

1.4.1 Land surface processes

Although the land surface accounts for only 29 % of the Earth’s surface compared to
the ocean, many studies have shown that its impact on the atmosphere is important due
to changing surface albedo and heating in contrast to the ocean (Sellers, 1965 in
Verstraete and Dickinson, 1986). Surface albedo varies based on the type of surface,
with snow having the highest albedo followed by desert, vegetation, dry soil, wet soil,
and finally water. Moreover, some of these surface albedos vary seasonally such as
snow and deciduous vegetation in winter. Although vegetation surfaces cover at most
20 % of the Earth’s surface, they have a complex interaction with the atmosphere
compared to flat surfaces like snow, soil and water bodies. As leaf area index (projected
area of leaves over a unit of land, m?/m?) ranges from 1 to 10, the total areal coverage
of vegetation may exceed the total surface area of the Earth. Verstraete and Dickinson,
1986.

Interactions between land surface and atmosphere in vegetation-covered areas occur in

four ways. Firstly via transpiration, where a large portion of the continental water goes
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to the atmosphere as vegetation has the ability to extract water from deeper soil profiles
compared to soil evaporation that occurs only from shallow soil layers. Second via its
albedo, where a considerable amount of leaf albedo (reflected radiation) in the visible
(10-15 %) and near infrared portion (30- 50 %) of the electromagnetic spectrum goes
to the atmosphere. Third via heat energy, with higher exchange between the canopy
and the atmosphere during both the dry season (as sensible heat) and wet season (as
latent heat) compared to bare land surfaces. Fourth via increased vegetation surface
roughness, which leads to reduced momentum in the lower atmosphere. Bare soil
surfaces are flat, thus have a small surface roughness. On the other hand, vegetation-
covered surfaces have irregular heights, and thus have higher surface roughness,
leading to a greater interaction with the lower atmosphere and thereby reducing the
motion (momentum) of air masses. Overall, compared to the ocean, the land surface
exhibits a high spatial and temporal variability in its interaction with the atmosphere.
These land-atmosphere interactions (or land surface processes) will in turn have major

feedbacks on the climate system. Verstraete and Dickinson, 1986.

1.4.2 Land Surface Schemes

The land surface can be described as “the surface that comprises vegetation, soil and
snow, coupled with the way these influence the exchange of energy, water and carbon
within the Earth system” (Pitman, 2003). Land surface schemes (LSSs), which
numerically represent the hydrosphere, cryosphere, lithosphere and biosphere, are
models that were especially designed to work within climate models. Climate models
are themselves numerical models that were developed for climate projections as well
as to simulate past climate. These climate models, in general, are complex due to the
numerous processes and components that represent the entire climate system (Laprise,
2008), with processes being physically-based, empirical or statistical (Dutrieux, 2016).
According to Chapin et al. (2000), the land surface - atmosphere coupling is controlled

via water and heat exchange from local to regional scales, and via carbon dioxide and
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methane at a global scale. As a result, these LSSs within climate models enable us to
study the impact of land cover changes, such as deforestation, afforestation or

agricultural intensification, on the climate system (Pitman, 2003).

In order to represent land surface processes, numerous LSSs have been built by
different research groups with varying levels of complexity across the globe to couple
with their climate models. These LSSs range from a simple bucket Model (1%
generation LSS; Manabe, 1969), to those that add a vegetation layer that computes
transpiration using an empirical equation (2" generation LSS; Dickinson et al., 1986;
Sellers et al., 1986), and finally to schemes that add a semi-mechanistic photosynthesis
model (3" generation LSS; Collatz et al., 1991). The 2" generation LSSs have an
empirical approach to the computation of stomatal conductance based on the Jarvis
(1976) formulation, where it is controlled by environmental stresses (solar radiation,
humidity, air temperature and soil water potential). However, the individual functions
of these environmental stresses vary among the various LSSs. Examples of 2"
generation LSSs are Biosphere-Atmosphere Transfer scheme (BATS; Dickinson et al.,
1986), Simple Biosphere Model (SiB; Sellers et al., 1986), and Canadian Land Surface
Scheme (CLASS; Verseghy, 1991; Verseghy et al., 1993). The 3" generation LSSs use
a biochemical approach for stomatal conductance, in which conductance is controlled
by the net assimilation rate, partial pressure of carbon dioxide at the leaf surface, and
relative humidity/vapour pressure deficit. However, the 3 generation LSSs are more
complex in their input data requirements. Examples of 3" generation LSSs are coupled
CLASS-Canadian Terrestrial Ecosystem Model (CTEM; Arora, 2003), CSIRO
Atmosphere Biosphere Land Exchange (CABLE; Kowalczyk et al., 2006), the Joint
UK Land Environment Simulator (JULES; Best et al., 2011), and Community Land
Model (CLM; Oleson et al., 2013).

In my study, since my focus is transpiration instead of photosynthesis, CLASS (version
3.6) is used in place of the CLASS-CTEM version. Thus, CLASS, which was built to
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be coupled with the Canadian Regional Climate Model (CRCM; Zadra et al., 2008), is
used to evaluate soil temperature, soil water and the temporal variation of transpiration.
CLASS models the hydrological cycle in a one-dimensional column, at a time step of
30 mins. The model consists of a layer of vegetation, a single snow layer of variable
depth and multiple soil layers of varying thicknesses. The vegetation in the model is
grouped into four categories: broadleaves, conifers, crops, and grass. Each model grid
is divided into four sub-grids based on land cover types: 1) bare soil; 2) soil covered
with snow; 3) soil covered with vegetation; 4) and vegetation over snow-covered soil.
The energy and mass balances are calculated for each sub-grid and the composite
energy and mass balance are determined for each grid by doing a weighted average
based on the area occupied by each land cover type (Verseghy, 1991; Verseghy et al.,
1993). Figure 1.5 shows the main processes modelled in CLASS, such as evaporation
from soil and canopy, transpiration, albedo of snow, ground and canopy, sensible and
latent heat flux, infiltration and vertical drainage, interception of water and snow by

canopy, etc..

1.4.3 Impact of land surface processes in Land Surface Schemes on climate models

Many studies have shown that the representation of land surface variables and
processes in an LSS have considerable impact on climate projections in climate models
(Brochu and Laprise, 2007; Roy et al., 2012). Using an LSS coupled with a climate
model, simulated regional deforestation resulted in a decrease in evapotranspiration
and an increase in surface temperature (Dickinson and Henderson-Sellers, 1988;
Brovkin et al. 2009), whilst global-scale deforestation led to a net decrease in Earth’s
average temperature (Bala et al. 2007) due to an increase in surface albedo in the higher
latitudes (Betts, 2000). On the other hand, simulated afforestation in a global climate
model in high northern latitudes led to increased transpiration and warming of the

arctic region (Swann et al., 2010) due to decreased surface albedo (Betts, 2000).
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Figure 1.5: Schematic diagram of CLASS. Reprinted from “CLASS-The Canadian
land surface scheme (version 3.6)” by D. Verseghy, 2012. Environment Canada
Science and Technology Branch Tech. Rep.

These findings underscore the importance of forested ecosystems on the climate system
via the impact of afforestation/deforestation on both air/surface temperature and
transpiration/evapotranspiration. On the other hand, transpiration in LSSs is greatly
influenced by soil water (Ukkola et al., 2016). The study of Ukkola et al. (2016) showed
that accurate simulation of soil water is crucial for the simulation of latent heat flux

and evapotranspiration in LSSs, especially during dry periods, across different
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ecosystems (including forests). Furthermore, increasing soil water was found to have
positive feedbacks on precipitation in climate models most of the time from global,
regional to continental scales (e.g. Schir et al., 1999 in Seneviratne et al., 2010),

although in a few exceptions negative feedbacks occurred (Cook et al., 2006).

Thus, in this study, the transpiration process in the CLASS LSS will be evaluated for
its performance in the boreal forest ecosystem of eastern Canada. Since in the boreal
region, both soil water and soil temperature are important variables that greatly

influence transpiration, the simulation of these variables will be assessed using CLASS.

1.5 Obijectives of the study

The aim of my thesis is to analyse transpiration and its underlying driving
environmental variables in a natural system, and to evaluate simulated transpiration
and land surface variables (soil water and soil temperature) in a numerical model. The
natural system is two humid boreal forests located in Quebec, Canada, while the
numerical model is the Canadian Land Surface Scheme (CLASS). This study
comprises three phrases, where the goal of the first phase is to evaluate the performance
of CLASS as well as the model’s sensitivity to certain model parameters for simulating
the land surface variables soil water and soil temperature over multiple years. The goal
of the second phase is to understand the impact of environmental variables on boreal
tree sap flow (as a proxy for transpiration) during the growing season and during
extreme events such as drought based on long-term observations. The goal of the third
phase is to evaluate the performance of CLASS in simulating the temporal evolution
of transpiration during tree rehydration and the growing season over multiple years,

and a drought period.
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1.6 Study area - Laflamme and Tirasse

The study area comprises two boreal forests sites situated in two different watersheds,
located in the province of Quebec in Canada (Figure 1.6). The first site, the Laflamme
watershed, located north of Québec city (47°19°41°> N and 71°07°37”> W), is
dominated by balsam fir, with some white spruce and paper birch (Duchesne et al.,
2012). The site elevation is 784 m above sea level, with mean annual temperature of
1.3 °C and mean annual precipitation of 1300 mm. The forest floor is covered with
mosses and lichen. The second site, the Tirasse watershed, located in the wildlife
reserve Ashuapmushuan (49°12°45”° N and 73°39°00°> W), consists of black spruce
(66.4%) and Jack pine as the dominant vegetation and a thick layer of mosses on the
forest floor (Duchesne and Houle, 2006; Houle and Moore, 2008). The site elevation
is at 411 m above sea level, with mean annual temperature of 1.3 °C and mean annual

precipitation of 941 mm.
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2.1 Résumé

Pour produire des projections réalistes, les modeles climatiques nécessitent une
simulation précise de la transpiration. La simulation de la transpiration est affectée
directement et indirectement par les valeurs de contenu en eau et de la température du
sol, respectivement. Bien que certaines études aient utilisé le Schéma de surface
Canadien (CLASS) pour simuler la température du sol et/ou le contenu en eau du sol,
elles se sont principalement concentrées sur des écosystemes autres que la forét boréale
et n'ont pas évalué les deux variables avec une grande résolution temporelle. Dans cette
étude, des mesures quotidiennes a long terme de la température du sol et du contenu en
eau du sol (2001 a 2016) sont utilisées pour évaluer la performance de CLASS a deux
sites situés dans la forét boréale humide de I'est du Canada. Des analyses de sensibilité
ont ensuite été effectuées pour évaluer I'impact de I'épaisseur de la couche organique
(TOL), la texture du sol (pourcentage de sable et d'argile, PSPC), le paramétre de
drainage (DP) et le point de congélation (FP) sur la température du sol et le contenu en
eau du sol. La température du sol a été bien simulée par CLASS, tandis que 1’exactitude
des simulations de contenu en eau variait selon le site, la saison et I'horizon du sol. Le
contenu en eau liquide du sol modélisé a été grandement sous-estimé sur le site de
d’épinette noire (8.7 = 2.4 dans I’horizon B et 2 £ 2.6 dans I’horizon C) pendant I'hiver,
car la température du sol était inférieure a 0 °C causant ’accumulation de glace dans
le sol. Néanmoins, la variation saisonniére correspondait bien aux observations.
D'aprés les analyses de sensibilité, le TOL a eu un effet important sur la température
du sol et le contenu en eau du sol. Bien que le PSPC n‘ait pratiqguement aucun effet sur
la température du sol, son effet sur le contenu en eau du sol était substantiel. Dans
I'analyse DP, la température du sol a augmenté pendant I'été en raison de I'augmentation
des flux de chaleur du sol entrants, causés par la simulation irréaliste de I'eau saturée
du sol avec la diminution du drainage. La température du sol a augmenté tout au long

de l'année et le contenu en eau liquide du sol a augmenté pendant I'hiver avec la
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diminution du FP, toutefois le contenu en eau liquide du sol modélisée ne représentait
pas bien les observations. En général, la température du sol a été bien simulée par
CLASS, sauf pour le gel en hiver. Cependant, la simulation du contenu en eau du sol
dans CLASS doit étre améliorée. Nos analyses de sensibilité ont montré que méme
avec la variation des parameétres liés au contenu en eau du sol, ce dernier n'est pas
beaucoup amelioré, soulignant ainsi la nécessité de revoir les équations régissant le

contenu en eau du sol dans CLASS.

2.2 Abstract

Transpiration is a key component of the hydrological cycle, extracting large amounts
of water from the soil and releasing it to the atmosphere, thus its accurate representation
in models (such as Land Surface Schemes) is extremely important. However, modelled
transpiration is affected directly and indirectly by modelled soil water and soil
temperature, respectively. While some studies have used the Canadian Land Surface
Scheme (CLASS) to simulate soil temperature or/and soil water, they focused mostly
on ecosystems other than the boreal forest and did not evaluate both variables on a daily
basis. In this study, long-term daily measurements of soil temperature and soil water
(2001 to 2016) are used to evaluate the performance of CLASS at two sites in the humid
boreal forest of eastern Canada. Subsequently sensitivity analyses were then carried
out to evaluate the impact of thickness of organic layer (TOL), soil texture (percentage
sand and clay, PSPC), the drainage parameter (DP), and freezing point (FP) on both
soil temperature and soil water simulations. Soil temperature was well simulated by
CLASS, while simulated values of soil water varied by site, season and soil horizon.
Modeled soil liquid water was greatly underestimated at the black spruce site (8.7 + 2.4
in horizon B and 2 + 2.6 in horizon C) during the winter compared to summer as soil

temperature was below 0°C. Nevertheless, the seasonal variation corresponded well
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with observations. Based on sensitivity analyses, TOL had an important effect on both
soil temperature and soil water. Although PSPC had almost no effect on soil
temperature, its effect on soil water was substantial. In the DP analysis, soil temperature
increased during the summer via increasing incoming soil heat fluxes due to the
unrealistic simulation of saturated soil water obtained due to decreasing drainage. Soil
temperature increased throughout the year and soil liquid water increased during the
winter with decreasing FP, yet, the modelled soil water did not well represent
observations. In general, soil temperature was well simulated by CLASS, except for
the freezing during winter. However, the simulation of soil water in CLASS requires
improvement. Our sensitivity analyses showed that even with variation in the soil water
related parameters used, the simulated soil water did not improve much, emphasizing

the need to review the equations governing soil water in CLASS.

2.3 Introduction

Soil temperature and soil water are two fundamental land surface variables that have
important impacts on many processes, especially in forest ecosystems, influencing seed
germination (Milbau et al., 2009), nutrient availability via organic matter
decomposition and soil mineralisation, nutrient assimilation by trees (Rennenberg et
al., 2006), nutrient losses from tree canopies (Houle et al., 2016) and tree growth
(Gepler et al., 2004). Soils receive water from the atmosphere via precipitation, but
also release water back into the atmosphere via transpiration and soil/canopy
evaporation and snow sublimation (Seneviratne et al., 2010). There is a close link
between soil temperature and soil water content, the latter influencing the former via
freezing and melting during winter/spring, where latent heat energy is released and
absorbed, respectively (Subin et al., 2013).
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Even though the beginning of the growing season in the boreal forest is driven primarily
by air temperature and photoperiod (Rossi et al., 2008; Delpierre et al., 2019; Huang et
al., 2020), soil water extraction by boreal trees depends on soil liquid water availability,
which in turn depends on soil temperature and freezing point, especially in areas having
a thin layer of ground and snow cover. The influence of air temperature on soil
temperature is affected by the type of land cover and snow cover (lijima et al., 2010).
Both ground cover (such as organic and litter layers) and snow cover insulate soils,
thus minimising temperature extremes. Warmer winter soil temperature due to snow
insulation can be carried over into early summer (Gold, 1963; Williams and Smith,
1989), but late snowmelt can cool soils in the early part of the growing season
(Jungqvist et al., 2014; D’Orangeville et al., 2016). While snow cover is seasonal, the
organic/litter layer is present throughout the year. The organic layer reduces both soil
heat loss towards the atmosphere in fall and winter (MacKinney, 1929; Napoly et al.,
2017) and soil heat gain from incoming solar radiation in the spring and summer
(Bonan and Shugart, 1989).

Different structured and textured soils also influence drainage of water and the ease of
water extraction by plants, as well as the freezing point of water in the soil. Fine
textured soils (clays) have high porosity with greater capillary water for absorption by
plants, while coarse textured soils (e.g. sands) have low porosity with greater
gravitational water draining out of the soil column. On the other hand, compacted soil,
which normally increases with soil depth, has a reduced soil hydraulic conductivity
thereby decreasing soil drainage. As well as influencing soil water, the freezing point
is also lowered by the presence of small soil pores (Johnsson and Lundin, 1991), which
in turn depends on soil texture, structure and degree of compaction. Liquid water in

soil can thus also be found even when sub-freezing soil temperatures are observed.

The simultaneous measurement and simulation of soil temperature and soil water on a

daily basis is essential to capture or predict the effect of crucial short-term
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meteorological events. These include severe short-duration droughts, or minimum soil
water levels critical for growth, or the number of days having extreme high soil
temperatures and/or extreme low soil water content during the growing season. The
Canadian Land Surface Scheme (CLASS; Verseghy, 1991; Verseghy et al., 1993) is a
land surface model developed especially to simulate the exchange of water and heat
with the Canadian Regional Climate Model (CRCM). CLASS has been evaluated for
its ability to simulate soil temperature (Tilley et al., 1997; Bellisario et al., 2000; Munro
et al., 2000; Marchand et al., 2018) and soil water (Wen et al., 1998; Yuan et al., 2007,
Dumedah et al., 2011; MacDonald et al., 2016) or both (Luo et al., 2003; Wen et al.,
2007; Paquin and Sushama, 2015). However, most of the above-mentioned studies
were conducted in wetlands, wooded wetlands, flooded/near-saturation forests,
subalpine forest, coastal temperate rainforest, permafrost, tundra, agricultural lands and
prairies. Furthermore, these studies only used data measured at weekly (Wen et al.,
1998; Munro et al., 2000) or monthly intervals (Paquin and Sushama, 2015) and over
short-time periods (Bellisario et al., 2000; Wen et al., 2007; Yuan et al., 2007
Dumedah et al., 2011). Marchand et al. (2018) used a long time-series of soil
temperature data but the data were measured only at a 5 cm depth. The exception (Luo
et al., 2003) carried out in a boreal forest located in Russia was based on several years
(~ 16) of daily measured soil temperature, but had only 1 to 3 measurements of soil
water taken every month. The performance of CLASS for long-term simulation of daily
soil temperature and water content over many years and at different soil depths has
never been evaluated, especially for the boreal forest of Eastern Canada.

As per Ukkola et al. (2016a; 2016b), a misrepresentation of soil temperature and soil
water in land surface schemes affects other land surface processes. The latter studies
show that accurate simulation of soil water is critical for the simulation of latent heat
flux variation and evapotranspiration in LSSs, especially during dry periods. Ukkola et
al. (2016a; 2016b) recommended a comprehensive re-assessment of LSSs, especially

during extreme events, in order to identify inconsistencies and consequently to improve
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hydrological processes in order to accurately simulate soil water. The accurate
simulation of soil temperature and soil water in LSSs is a prerequisite for increasing
the confidence in the projections of climate models on future extreme events such as
drought (Ukkola et al., 2016a). Henceforth, the assessment of LSSs using long-term
observations at a smaller temporal resolution is important in order to examine the
ability of LSSs to capture the long-term average behaviour as well as extremes in soil
temperature and soil water. My first hypothesis of this chapter is that CLASS simulates
well both soil temperature and soil water on a daily basis in all seasons (winter and
summer) both in magnitude and seasonal variation. Thus, the first objective of this
study is to use a long time series of daily soil temperature and soil water measurements
to evaluate the performance of CLASS for soil temperature and soil water at a fine

temporal scale.

In addition to studies evaluating model performance, sensitivity analyses studies are
equally important as they evaluate the robustness and sensitivity of parameters within
a model. To date, the few sensitivity analyses studies carried out with CLASS for
specific variables have shown that CLASS performs well but is highly sensitive to soil
depth and composition, incoming solar radiation and initial soil moisture conditions
(Tilley et al., 1997), as well as atmospheric and canopy parameters (Wang et al., 2001;
Bartlett et al., 2006; Wang et al., 2016). Our study sites are located in boreal forests
where the thickness of the organic (litter) layer, soil texture, soil drainage and freezing
point might impact both soil temperature and soil water. My second hypothesis is that
CLASS is sensitive to the following model parameters (thickness of organic layer, soil
texture and drainage, and freezing point) for the simulation of soil temperature and soil
water. Thus, the second objective of this study is to conduct sensitivity analyses to
evaluate the effect of the thickness of the organic layer, soil texture, model drainage

parameter and freezing point on soil temperature and soil water.
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2.4 Methods

2.4.1 Description of study areas

There are two study sites, where the first one is a balsam fir dominated stand (47° 19’
41>’ N and 71° 07’ 37°> W) and the second is a black spruce dominated stand (49°12°45°
N and 73°39°00° W), both located in the Quebec province in Canada. Their elevations
are 784 m and 411 m above sea level, respectively. The mean annual temperature is
1.3 °C at both the balsam fir and black spruce sites for the period from 2001 to 2016.
The mean annual precipitation is 1300 mm at the balsam fir and 941 mm at the black
spruce site for the period 2001 to 2016.

2.4.2 Measured data

Climate variables were measured on an hourly basis at both forest sites, which were
used as input for CLASS. These climate variables are photosynthetic active radiation
(solar radiation in the visible range (400 to 700 nm wavelength) used for photosynthesis)
and wind speed measured from a flux tower at 14 m height; air temperature and relative
humidity measured at a height of 3.3 m, and precipitation measured at ground level.
The snow cover depth was measured close to the instrumented trees with ultrasonic
sensors (SR50 type sonic distance sensor, Campbell Scientific inc.). All climate data
are available from 1999 to 2016 at the balsam fir site and from 1997 to 2016 at the

black spruce site.

Soil water content (CS615, Campbell Scientific, Logan, UT) and soil temperature were
measured hourly and averaged on a daily basis in 3 and 4 pedons at the black spruce
and balsam fir sites, respectively. Both soil temperature and soil water probes were
calibrated prior to installation at their respective soil profiles. The mean values of the
soil properties for these pedons were used to parameterise CLASS at each site. For each

pedon, measurements were carried out at three depths: 2 cm above the mineral horizon
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(humus layer: hum), 22 cm below the mineral soil surface (horizon B: horB) and 81
cm below the mineral soil surface (horizon C: horC). For model validation, all three
soil horizons were used for soil temperature whereas only soil horizons B and C were
used for soil water content. In this study, the black spruce site has data for 21 years
(since 1997) and the balsam fir site has data for 19 years (since 1999). This almost two-
decades of daily observations of soil temperature and soil water enables us to study
long-term climate variability at a fine temporal resolution, which is not possible with

only a few years of daily observations or weekly/monthly observations.

2.4.3 Canadian Land Surface Scheme (CLASS)

The CLASS model was developed by the Canadian Climate Centre to be used in the
Canadian Regional Climate Model (CRCM; Zadra et al., 2008). CLASS allows the
exchange of water and energy with the atmospheric component of CRCM. CLASS
models the hydrological cycle in a one-dimensional column, at a time step of 30 mins.
The model consists of a layer of vegetation, a single snow layer of variable depth and
multiple soil layers of varying thicknesses. The vegetation in the model is grouped into
four categories: broadleaves, conifers, crops, and grass. Each model grid is divided into
four sub-grids based on the land cover types: 1) bare soil; 2) soil covered with snow;
3) soil covered with vegetation; 4) and vegetation over snow-covered soil. The energy
and mass balances are calculated for each sub-grid and the composite energy and mass
balance are determined for each grid by doing a weighted average based on the area
occupied by each land cover type (Verseghy, 1991; Verseghy et al., 1993).

In CLASS, porosity and saturated hydraulic conductivity are a function of percentage
of sand only, while hydraulic conductivity is a function of porosity, saturated hydraulic
conductivity and the Clapp & Hornberger (1978) empirical b parameter (Verseghy,
2012). The latter in turn, is a function of the percentage of clay (Verseghy, 2012). Thus,
infiltration/percolation in CLASS, which is controlled by hydraulic conductivity,

depends on the percentage of both sand and clay. However, CLASS incorporates an
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additional  drainage parameter (XDRAIN) that ranges from 0 (no
infiltration/percolation) to 1 (infiltration/percolation based on the hydraulic
conductivity of the soil layer) to allow for water flow at the bottom of the soil profile.
The final hydraulic conductivity for each soil layer is quantified as the product of the

hydraulic conductivity of that layer and the drainage parameter.

2.4.3.1 Model inputs for CLASS

2.4.3.1.1 Climate data

The climate variables required by CLASS are incoming shortwave radiation (W m),
downwelling longwave radiation (W m), precipitation (mm s), air temperature (°C),
specific humidity (kg kgt), wind speed (m s™), and atmospheric pressure (Pa) at 30-
min intervals. The hourly measured data (incoming shortwave radiation, precipitation,
air temperature, and wind speed) were assumed not to vary greatly within an hour, thus
each hourly observation was duplicated to obtain two half-hourly observations so as to

be compatible with the time-step of the input data required by the CLASS model.

Downwelling longwave radiation (Riqc) was estimated using the equation of Sugita and
Brutsaert (1993; Eq 2.1), where &, is atmospheric emissivity under clear skies, o is the
Stefan-Boltzmann constant, Ta is air temperature in kelvin near the ground. eac was
determined using the equation of Brutsaert (1975; Eq 2.2), where pa is ambient vapour
pressure (hPa), as is 0.98 and bz is 0.0687 (Sugita and Brutsaert, 1993).

[R!dc = EncJT;] Eq 2.1

€ac = a3(pa/Ta)b3 Eq. 2.2

Atmospheric pressure (Pn) was estimated using the barometric formula (Eq. 2.3), where

Po is atmospheric pressure at sea level (101.3 kPa), m is the mass of one molecule
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(0.02896 kg mol™), g is acceleration due to gravity (9.807 m s), h is the altitude above
sea level (m), and R is the universal gas constant (8.3143 J moltk™).

P, = Pyexp m9N/RT Eq. 2.3

Specific humidity (q) was calculated using Eq. 2.4, where MR is the mixing ratio. The
latter was determined using Eq. 2.5, where ¢ is the ratio of molecular weight of water
and dry air (0.62198), p, is actual vapour pressure (Pa) and Pyis atmospheric pressure.
Actual vapour pressure was calculated using Eq. 2.6, where RelHum is relative
humidity (%). The saturation vapour pressure ps (Pa) was determined using Eq. 2.7,

where T is air temperature in degrees Celsius (Campbell and Norman, 2012).

q = MR/(MR + 1) Eq. 2.4
MR = &(pa/(Pr — pa)) Eq. 2.5
Pa = ps(RelHum/100) Eq. 2.6
ps = 611(175027/(T+240.97)) Eq. 2.7

2.4.3.1.2 Initialisation parameters

Initialisation parameters are required to describe vegetation and soil properties
(Verseghy, 2012). For most of the parameters, default values (Appendix A) for the
model were used except for parameters presented in Table 2.1 where measured values
were used. The top layer (humus layer) was configured as a peat layer of fibric type
(Letts et al., 2000).
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Table 2.1: Initialisation parameters used in CLASS
Parameters Balsam fir Black spruce

Vegetation properties

For plant functional type 1

(needleleaf):
o Log of roughness length (m) 0.438 0.182
o Above-ground canopy mass

(kg m?) 18.5 14.6
o Maximum rooting depth (m) 0.81 0.52

Soil properties

o Soil permeable depth (m) 1 1
o Sand (%): horB / horC 69.8/83.0 86.9/89.0
o Clay (%): horB / horC 55/4.1 2.0/0.8
o Organic matter (%) *:

horB / horC 3.2/05 1.7/0.3
o Soil layer thickness (m)

hum / horB / horC 0.17/0.30/0.60 0.13/0.30/0.60

* Ouimet and Duchesne, 2005

2.4.4 Analyses

The performance of CLASS was evaluated without calibration for the simulation of
soil temperature and soil water on a daily basis. For soil temperature, averages of the
soil profiles were used to evaluate the model at both sites (average of 3 soil profiles at
the black spruce and an average of 4 soil profiles at the balsam fir site). For soil water,
some probes yield temporal variations that were unexpected, mainly due to the
development of saturation conditions in the soil profile due to lateral water fluxes. At
the black spruce site, soil profiles 2 and 3 had very high soil water throughout the
summer in the HorC (near saturation) and a high peak in several years at the beginning

of summer in HorB (Figure 2.1). Similarly, for the balsam fir site, there was an
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increase/decrease pattern in soil water after some years in soil profiles 2 and 3 in HorB
and HorC respectively, while soil profile 1 had a near-saturation soil water content
during the summer in HorC. Currently, CLASS is not formulated to simulate lateral
soil water fluxes. Thus, at both sites, only the soil profiles having consistent
observations in all years of measurement in all soil layers were considered for this study,

which are soil profile 1 at the black spruce site and soil profile 4 at the balsam fir site.

Local sensitivity (one-at-a-time method) analyses were carried out in CLASS to
evaluate the effect of the thickness of the organic layer (top layer), percentage of sand
and percentage of clay, drainage factor, and freezing point on soil temperature and soil
water. A problem-oriented approach was adopted for the selection of these specific
model parameters in order to improve model simulation for soil temperature and soil
water. Table 2.2 summarizes the configuration of these sensitivity analyses, where the
model parameters were varied within reasonable ranges that reflect the site
characteristics and observations. For the organic matter sensitivity analysis, the type of
organic matter was defined as fibric (Verseghy, 2012). The percentage of sand was
varied by £10 % from the baseline model configuration for both sites. For clay, the
percentage was varied by 4 % from the baseline model configuration at the balsam fir
site, but varied from 0 to less than 10 % at the black spruce site. The drainage factor
sensitivity analysis was carried out by decreasing the XDRAIN parameter from 1 up to
0.001 to reduce the amount of water draining out of the soil column. While the default
freezing point in CLASS is 0 °C, liquid water is in reality still present in soil pores
down to a temperature of -6 °C (Verseghy, 1991). Thus, the freezing point was varied
from O (base scenario) to -6 °C in the freezing point sensitivity analysis in order to
evaluate its effect on soil temperature and soil water, especially during the

winter/snowmelt period.
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Figure 2.1: Observations of daily soil water at the three soil profiles (SP1 to SP3) at
the black spruce (a) and four soil profiles (SP1 to SP4) in the B and C horizons at
the balsam fir (b) sites.
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Table 2.2: Summary of sensitivity analyses carried out at the balsam fir and
black spruce sites

Black spruce Balsam fir

Baseline Scenarios Baseline Scenarios

Thickness of organic matter (TOL; cm)
Hum 13 6; 20 17 8; 26
Percentage of sand (PS; %)
HorB 86.9 77,97 69.8 60; 80
HorC 89 79; 99 83 73; 93
Percentage of clay (PC; %)

HorB 2 0;4;8 5.5 1.5;9.5
HorC 0.8 0;2.8;6.8 4.1 0.1;8.1
Drainage parameter, XDRAIN (DP; -)
1 0.001; 0.01; 0.1 1 0.001; 0.01; 0.1
Freezing point (FP; °C)
0 -2;-4; -6 0 -2;-4; -6

The model was run from August 1999 to 2016 at the balsam fir site and from August
1997 to 2016 at the black spruce site. The model simulation was started in summer
(August) at both sites in order to avoid erroneous snow conditions when initialising the
model. Moreover, the first 3-5 years (at balsam fir/black spruce sites) were excluded
from the analyses for model spin-up and only the years 2001 to 2016 were used for the
evaluation. CLASS was found to have a model spin-up time of 2 years and less in a
tropical forest (Yang et al., 1995). The purpose of the model spin-up is to allow the
model to reach an equilibrium state after model initialisation, especially for the soil
moisture content. In this study, the initial conditions set up in CLASS at both sites were
taken from an output of the coupled CLASS-CRCM previous simulation (at the two
grids where the two sites are located) in order to reduce the model spin-up time
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(Cosgrove et al., 2003). The performance of CLASS was evaluated using Pearson
correlation (r), Kling-Gupta Efficiency (KGE) and root mean square error (RMSE).
The KGE was chosen as a performance metric as it is considered to be an improved
version of Nash-Sutcliffe Efficiency (Gupta et al., 2009). KGE incorporates correlation,
relative variability and bias, whereby the relative variability calculates the variance in
the observation compared to the simulation. On the other hand, the bias is the ratio of
the simulation mean over the observation mean. For the sensitivity analyses, Taylor
diagrams were used to evaluate model performance as they allow for efficient
comparison of multiple simulations via three model performance metrics, which are
Pearson’s correlation coefficient, RMSE and standard deviation. The best model is
identified as the one closest to the observation (i.e., the reference point in the x-axis),
or the one having the highest Pearson’s correlation coefficient and lowest RMSE with

a similar standard deviation as the observation.

2.5 Results

2.5.1 Soil temperature

CLASS simulated very well the annual pattern of soil temperature at both sites, except
for some slight overestimations in some years in the HorC layer at the balsam fir site
during summer and slight underestimation in all soil layers at the more northern black
spruce site during winter (Figures 2.2a and 2.2b). All three performance metrics
showed that the model adequately simulates soil temperature, with r above 0.96 at both
sites, KGE values were above 0.69 at the black spruce and above 0.88 at the balsam fir
site (Figure 2.3). Model error was very low, with maximum RMSE of 2.27 at the black
spruce and 1.26 at the balsam fir site.
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Figure 2.2: Observed and simulated daily soil temperature (°C) for the humus layer
(top), horizon B (middle) and C (bottom) at black spruce (observed Ts is mean of 3
soil profiles; a) and balsam fir (observed Ts is mean of 4 soil profiles; b) sites from
2001 to 2016.
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Figure 2.3: Performance metrics of Kling-Gupta Efficiency (KGE), Pearson’s
correlation (r), and root mean square error (RMSE) at black spruce (a) and balsam
fir (b) sites for soil temperature for the three soil horizons (Hum, HorB and Horc)
for the entire year.

2.5.2 Soil water

Figures 2.4a and 2.4b show the observed and simulated soil water content in the two
soil layers at the black spruce and the balsam fir sites, respectively. Soil water was
underestimated in both soil layers throughout the year at the balsam fir site, but only
during winter in the HorB at the black spruce site. In summer, simulated soil water
closely matched observations in the HorB, but was slightly overestimated in the HorC
at the black spruce site. Based on the KGE values, the model performance appeared to
be better at the balsam fir site (positive KGE values) than at the black spruce site
(negative KGE values). However, the negative KGE values at the black spruce site
were due to the poor model performance during winter (Figure 2.5). On the other hand,
Pearson’s coefficient (r values) at the black spruce site was comparable to that at the
balsam fir site during winter and better during summer. The model errors (RMSE
values) were less than 6.60 at the black spruce site, while it was much higher at the

balsam fir site (9.31 to 14.2) in all soil layers for all periods.
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Figure 2.4: Observed and simulated daily soil water (%) for horizons B (top) and C
(bottom) at the black spruce (a) and balsam fir (b) sites from 2001 to 2016.
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Figure 2.5: Performance metrics of Kling-Gupta Efficiency (KGE), Pearson’s
correlation (r), and root mean square error (RMSE) at black spruce (a) and balsam
fir (b) sites for soil liquid water for the two soil horizons (HorB and Horc) for an
entire year (Year), winter/spring (DJFMAM) and summer (JJAS) periods.

2.5.3 Sensitivity analysis

2.5.3.1 Thickness of the organic layer

Figures 2.6 and 2S.2 (left panel) shows how simulated daily soil temperature and soil

water are sensitive to variation in the thickness of the organic layer (TOL) at the balsam

fir and black spruce sites, respectively. The results show that the soil temperature

decreases in summer while it increases in winter with increasing TOL at both sites.

Based on the Taylor diagrams, the base simulation was closest to observations most of

the time in horizons B and C, while the thickess of the organic layer simulations (OM26

and OM20) was closest to observations of the humus layer for soil temperature (Figures

2.8 and 2S.4, left).
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Soil water increased with increasing TOL during winter and spring in all soil layers at
both sites, except in Hum at the black spruce site. During the summer, soil water
increased slightly in Hum, but this increase was almost negligible in both the HorB and
HorC. The thickest organic layer simulations (OM26 and OM20) usually led to the best
model performance in all soil layers at both sites in both seasons and throughout the
year (Figures 2.8 right, 2.9, 2S.4 right and 2S.5).

2.5.3.2 Percentage of sand and clay

The effect of % sand (PS) and % clay (PC) on soil temperature was barely noticeable
in all soil layers at both sites (Figures 2.6 and 2S.2, top right), with model performance

being almost the same among all simulations (Figures 2.8 and 2S.4, left).

As for soil water, the PS & PC effect were negligible in Hum, but substantial in HorB
and HorC at both sites throughout the year. Soil water substantially increased with
decreasing PS and increasing PC in both HorB and HorC at both sites (Figure 2.6 and
2S.2, bottom right). While there was no clear and consistent pattern in model
performance among the simulations at the balsam fir site (Figures 2.8 right and 2.9),
the highest PS led to the best model performance at the black spruce site (Figures 2S.4
right and 2S.5).

2.5.3.3 Drainage parameter

Decreasing the drainage parameter (DP) did not impact the soil temperature during the
summer at either site, except during the smallest DP simulation where soil temperature
increased substantially (DRNO0.001; Figures 2.7 and 2S.3; top left). On the other hand,
during the winter, all DP simulations had a weak (balsam fir site) to slightly noticeable
(black spruce site) impact on soil temperature, which increased with decreasing DP.
The model performance of the three DP simulations (base, DRNO.1 and DRNO.01)

were almost the same and closer to observations in all soil layers at both sites, while
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the smallest DP simulation was further away from observations and had the poorest
performance (Figures 2.8 and 2S.4, left).

Soil water increased in general with decreasing DP during both summer and winter at
both sites (Figures 2.7 and 2S.3, bottom left). While this increase in soil water was
apparent only for the simulation using the smallest DP (DRNO0.001) in the Hum layer,
it became more pronounced with soil depth for the other DP simulations. Compared to
the other DP simulations, DRNO0.001 simulated an almost saturated soil water in all
three soil layers during the summer. Model performance was lowest in the DRN0.001
simulation in all soil layers, but highest in the base (DRNZ1) simulation in most cases
for all periods at both sites (Figure 2.8 right, 2.9, 2S.4 right and 2S.5).

2.5.3.4 Freezing point

Soil temperature increased throughout the year in all soil layers at both sites as the soil
water freezing point (FP) decreased (Figures 2.7 and 2S.3, top right). Furthermore, this
increase in soil temperature augmented with soil depth and was more pronounced in
summer than in winter. However, the model performance for soil temperature did not
change much among the FP simulations in any of the soil layers at both sites, although
the base simulation had the best performance in most cases (Figures 2.8 and 2S.4, left).

Soil water decreased slightly with decreasing FP during summer in all soil layers at
both sites (Figures 2.7 and 2S.3, bottom right). On the other hand, from fall through
winter up to the end of the snowmelt period soil water content increased with
decreasing FP in all soil layers at both sites, except in the Hum layer in the winter at
black spruce. The model performance for soil water did not differ much among the FP
simulations during the summer, but the base simulation was best in the HorB and HorC
layers during the winter and throughout the entire year at both sites (Figures 2.8 right,
2.9, 2S.4 right and 2S.5).
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layers, except for soil water in the Hum layer (yellow circle — base simulation). Green
arcs are RMSE; blue dotted arcs are standard deviation; dotted black radial lines are
correlation. OM: organic matter; DRN: drainage; FP: freezing point; S: percentage
sand; C: percentage clay.

2.6 Discussion

This study is the first to evaluate the performance of CLASS on long-term daily soil
temperature and soil water measurements at two sites dominated by two tree species
that represent the vast majority of the boreal forest of eastern Canada. Sensitivity
analyses were used to further evaluate model behavior and to potentially identify model

parameters that could be modified to improve model performance.

2.6.1 Soil temperature

During summer, CLASS simulated daily soil temperature was generally excellent for
both sites with the small exception that simulated soil temperature was slightly
overestimated at one site. A major assumption in CLASS is that there is no vapour and
liquid flow in the soil due to temperature gradients (Verseghy, 1991). While soil liquid
flow due to temperature gradients is negligible (Philip, 1957; Jackson et al., 1974), soil
vapour flow is important especially in the top layer, which normally experiences larger
soil temperature fluctuations compared to the deeper soil layers (Jassal et al., 2003).
The lack of consideration of soil vapour flow in CLASS may have led to a higher soil
temperature in summer with multiple peaks compared to observations which had a
lower and smoother curve during summer. During winter, CLASS underestimated soil
temperature, particularly at the black spruce site, leading to frequent soil freezing,
which might be due to the thinner organic layer at the black spruce site (13 c¢cm)
compared to that at the balsam fir site (17 cm). However, at the balsam fir site, the late
onset and underestimation of simulated snow depth in winter 2009-2010 (Figure 2S.1)

led to very low simulated soil temperatures in the Hum layer (Figure 2.2b). Using the
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soil multilayered version of CLASS 2.6, Hejazi and Woodbury (2011) also found
cooler simulated soil temperature in winter jack pine forest in Saskatchewan compared
to their observations. The simulated soil temperature in CLASS version 2.6w (Letts et
al., 2000) was found to lag weekly observations by more than one month at 1 m depth
in a mixed-forest wetland in Ontario (Munro et al., 2000) which is a substantially
stronger bias than what we observed. In this study, the underestimated modelled soil
temperature during winter might be due to the insufficient insulation of the organic

layer and/or by snow cover as it is actually defined in the model.

While existing literature mentions the presence of seasonally frozen soil in the northern
hemisphere (Zhang et al., 2003), our observations at the two boreal forest sites show
that soil temperature rarely drops below 0 °C. While soils may be frozen in the tundra
due to lack of trees or thinner snow cover or in temperate regions with little or no snow
cover leading to a longer frost period, this is not the case for the boreal forest of eastern
Canada where the soil is protected from harsh cold winter temperatures (-14.1 °C and
-16.6 °C average January air temperature at the balsam fir and black spruce site,
respectively) by a thick snow pack and evergreen trees. The underestimated modelled
soil temperature during winter was found to be caused mainly by the insufficient
insulation of the ground (organic layer properties) and/or of the snow (snow cover

properties) as they are presently defined in the model).

2.6.1.1 Sensitivity analysis on soil temperature

Increased thickness of the organic layer, due to its insulating effect (Hogg and Lieffers,
1991), resulted in a decrease in soil temperature in the summer and an increase in soil
temperature in the winter. The increased thickness of the organic layer led to reduced
heat fluxes through the entire soil column during the summer, with the decrease being
greatest in the Hum layer, while in the winter, the outgoing upward heat fluxes were
reduced, especially from deeper soil layers (Figure 2S.6 top left; Lawrence and Slater,

2008). Other studies have also reported a decrease in soil temperature during the
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summer due to the presence of organic soil layers (Yoshikawa et al., 2002; Fukui et al.,
2008; Lawrence and Slater, 2008; Rinke et al., 2008; Dashtseren et al., 2014).

On the other hand, the impact of percentage sand and percentage clay sensitivity
analysis on soil temperature was barely noticeable in either summer or winter. For the
drainage parameter sensitivity analysis, only the smallest drainage parameter value
(DRNO0.001) led to an increase in soil temperature during the summer. Likewise, in
winter, soil temperature increased with decreasing drainage parameter, but to a much
lesser extent than in the summer. This increase in soil temperature is attributed to the
saturated soil water condition modelled in all soil layers (Figure 2.7 bottom left), which
is unrealistic for this region, leading to an increase in the heat flux entering the soil
column during the summer (Figure 2S.6, top right) and high latent heat of fusion during
the winter (Subin et al., 2013). For the freezing point sensitivity analysis, soil
temperature increased with decreasing freezing point in both summer and winter. The
increase in soil temperature in the winter was caused by an increase in latent heat of
fusion (Subin et al., 2013). In the summer, while both soil water and soil heat flux
(Figure 2S.6, bottom left) slightly decreased, the energy used for melting ice (Figure
2S.6, bottom right) during the snowmelt period (prior to the growing season) was
reduced with decreasing freezing point, which might have contributed to preserving a

higher soil temperature once the snow cover has disappeared.

2.6.2 Soil water

The performance of CLASS for predicting soil water varies among the sites, seasons
and soil horizons, with soil water simulations being slightly better at the black spruce
site than at the balsam fir site. Other studies also reported that CLASS generally poorly
predicts soil water (Yuan et al., 2007; Dumedah et al., 2011; MacDonald et al., 2016)
and that its accuracy varies among sites (Wen et al., 2007), soil texture (Saunders et al.,
1999) and soil depth (Wen et al., 1998). While temporal variation in soil water content

was relatively well simulated, the absolute soil water content was not, particularly at
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the balsam fir site where it was greatly underestimated throughout the year. The
simulated CLASS water content is highly sensitive to soil properties and soil depth
(Tilley et al., 1997). CLASS determines soil porosity uniquely from the percentage of
sand in the soil, excluding percentage of silt, clay, organic matter as well as soil
structure and degree of soil compaction that varies with soil depth. Other LSSs also use
a fixed porosity and thus have poor simulation of soil water compared to observations
(Luo etal., 2003). Moreover, the substantial underestimation of soil water at the balsam
fir site compared to the black spruce site could be due to the presence of lateral water
movement (caused by the higher precipitation and a steeper slope), which is not
simulated by CLASS 3.6.

CLASS underestimated liquid soil water during the winter because water was frozen
in the soil in the model compared to observations, especially at the black spruce site
(Figure 2.4). Freezing in the soil occurs at 0 °C in CLASS while in reality it may occur
at temperature below 0°C due to the presence of impurities in soil water (Verseghy,
1991). Below the freezing point, smaller soil pores are able to retain water in the liquid
phase due to a very high freezing point depression compared to larger pores (Johnsson
and Lundin, 1991). Thus, liquid water below the freezing point can occur in soil,
depending on the quantity of impurities, texture, structure and degree of compaction.

2.6.2.1 Sensitivity analysis on soil water

Overall, soil water increased with increasing TOL (Malhi and O’Sullivan, 1990;
Bussiére and Cellier, 1994; Schwartz et al., 2010), decreasing PS and increasing PC,
I.e. because of their overall increasing water holding capacity. Likewise, soil water
increased with decreasing DP as more water was retained in the soil column, eventually
leading to a saturated soil condition for the smallest (and unrealistic) DP simulation.
On the other hand, soil water increased with decreasing FP during winter as water was
kept in a liquid state, but in summer, it decreased slightly, which might have been

caused by lower snowmelt water available for replenishing the soil due to the reduced
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frozen soil water. However, the much higher insulation at balsam fir site (17 cm organic
layer and 1.1 m max. snow cover; Figure 2S.7 middle left) compared to the black spruce
site (13 cm organic layer and 0.84 m max. snow cover; Figure 2S.7 middle right) led
to much higher increase in liquid soil water and much lower frozen soil water in all soil
layers in FP simulations at the balsam fir site (Figure 2S.7 bottom left) compared to
black spruce site (Figure 2S.7 bottom right), thus highlighting the importance of degree
of insulation despite the decreasing FP. For all sensitivity analyses at the black spruce
site, there was no increase in soil water in the Hum layer during winter, which might
be due to the modelled sub-freezing soil temperature (Figures 2S.2 and 2S.3). Overall,
our sensitivity analyses showed that despite varying model parameters within a realistic
range, the simulated soil water did not improve significantly, and thus calibrating the
model with existing parameters is not a solution to improve the model output. This
underscores that the equations governing soil water in CLASS need to be improved for

a better simulation of soil water.

2.7 Conclusion

In the context of boreal forest ecosystems, the accurate representation of soil
temperature and soil water in LSSs is crucial due to their importance for numerous
processes, including transpiration (Ukkola et al., 2016a;2016b), where the latter has a
direct feedback on the climate system (Zittis et al., 2014). With increasing soil moisture,
evapotranspiration is increased (air temperature is decreased), leading to an increase in
precipitation (positive feedback) in most cases, although negative feedback also occurs
(Cook et al., 2006; Seneviratne et al., 2010). Inaccurate projection of precipitation and
air temperature by climate models (e.g. CRCM) will in turn impact the timing of the
beginning of snowmelt, soil temperature, available soil liquid water and eventually the

length of the growing season in the boreal forest. Despite some slight underestimation
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during winter, daily soil temperature was well simulated by CLASS. While the
performance of CLASS for soil water varied among the sites, seasons and soil horizons,
the seasonal variation of modeled soil water corresponded well with observations.
Sensitivity analyses increased our understanding of CLASS and the processes involved
for the computation of both soil temperature and soil water, as well as the model’s
limitation. TOL had significant impact on both soil temperature and soil water while
PSPC had a significant impact on soil water only. The lowest DP (0.001) simulation
led to saturated soil water conditions and increased soil temperature in summer. The
FP sensitivity analysis did not lead to substantial improvement in either soil

temperature or soil water in winter.

CLASS proved to be a model that comprehensively represents the physical system by
reproducing well soil temperature and adequately soil water on a daily timescale.
However, CLASS needs some improvement in its simulation of soil temperature and
soil water during winter in order to provide the CRCM with accurate data for future
climate predictions. We recommend increasing the insulation of the humus layer and
snow by improving the organic layer and snow cover properties (such as decreasing
snow thermal conductivity) in CLASS in order to increase the soil temperature. Also,
we recommend varying the freezing point as a function of percentage clay in order to
improve soil water content in the winter, as the presence of micropores (% clay)
increases the presence of liquid water in the soil. Finally, we recommend implementing
a new and more realistic soil porosity equation that incorporates % sand, % clay, %

organic matter and degree of soil compaction.
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Figure 2S.1: Observed and simulated daily snow depth (m) at black spruce (a) and
balsam fir (b) sites from 2001 to 2016.
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Figure 2S.2: Sensitivity analysis of thickness of organic matter (TOL; left panel) and
of % sand and % clay (PSPC; right panel) on multiyear (2001 to 2016) average daily
soil temperature (°C; top) and soil liquid water (%; bottom) at black spruce (BS) site.
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Figure 2S.3: Sensitivity analysis of drainage parameter (DP; left panel) and of
freezing point (FP; right panel) on multiyear (2001 to 2016) average daily soil

temperature (°C; top) and soil liquid water (%; bottom) at black spruce (BS) site.
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Figure 2S.4: Taylor diagrams of observations vs simulations of all sensitivity
analyses for soil temperature (Ts; left) and soil liquid water (0; right) for the three
soil horizons (Hum, HorB and HorC) at the black spruce site. The reference point is
the black circle (observations) located on the x-axis for all soil layers, except for soil
water in the Hum layer which is represented by a yellow circle (base simulation).
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Green arcs are RMSE; blue dotted arcs are standard deviation; dotted black radial
lines are correlation.
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Figure 2S.5: Taylor diagrams of observations vs simulations of all sensitivity
analyses for soil liquid water (0) during winter (DJFMAM,; left) and summer (JJAS;
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right) months for the three soil horizons (Hum, HorB and HorC) at the black spruce
site. The reference point is the black circle (observations) located on the x-axis for
all soil layers, except for soil water in the Hum layer which is represented by a yellow
circle (base simulation). Green arcs are RMSE; blue dotted arcs are standard
deviation; dotted black radial lines are correlation.
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Figure 2S.6: Multiyear (2001 to 2016) average daily soil heat fluxes (W m?)
entering (positive) & leaving (negative) by thickness of organic layer (TOL; top
left), drainage parameter (DP; top right), and freezing point (FP; bottom left)
sensitivity analyses at balsam fir (BF) site; multiyear (2001 to 2016) average daily